Pigmented and non-pigmented strains of Serratia marcescens produced extracellular vesicles and had wetting activity when grown at 30 "C but not at 37 "C. Light microscopy showed that the red pigment was present in vesicles and intracellular granules. Electron microscopy revealed the presence of vesicles surrounded by the bacterial membrane. Three lipids having the wetting activity, W 1, W2 and W3, were isolated by thin-layer chromatography of lipids from different strains of S. marcexens. Dispersions of the isolated wetting agents had small contact angles on a polystyrene surface and the ability to lower surface tension. Wetting agent W1 was the aminolipid serratamolide. Wetting agents W2 and W3 were also aminolipids but were shown to be different from serratamolide by chemical analyses. Wetting agent and prodigiosin (in a pigmented strain) were the main lipids of isolated vesicles.
INTRODUCTION
During routine preparation of smears for Gram staining, we noted the strange behaviour of a suspension containing Serratia marcexens. On the clean surface of a glass slide, a drop of the suspension spread instantaneously (Matsuyama et al., 1985) . This phenomenon, known as 'spreading wetting' in physical chemistry, suggested the presence of a biosurfactant acting as a wetting agent. After surveying many species of bacteria, we realized that this wetting activity was a unique characteristic of S. marcescens. As reported previously (Matsuyama et al., 1985) , the compound having the wetting activity was isolated from S. marcescens strains ATCC 13880 and NS 38, and identified as an aminolipid identical to serratamolide which had been reported as an antibiotic from S. marcescens (Wasserman et al., 1961 (Wasserman et al., , 1962 .
Optical microscopic examination of unstained bacterial suspensions having the wetting activity revealed the presence of many extracellular vesicles and cells carrying 'half vesicles' presumed to be in the course of vesicle formation. In pigmented strains, the red colour seemed to be localized in such vesicles. Many strains of S. marcescens grown at 30 "C had the wetting activity and formed extracellular vesicles. The same strains grown at 37 "C, however, did not
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supplied by Dr E. Yabuuchi, Gifu University School of Medicine, Gifu, Japan. S. marcescens ATCC8100, Enterobacter cloacae ATCC 23355, Klebsiella pneumoniae ATCC 13883, Proteus vulgaris ATCC 1331 5 and Escherichia coli ATCC 25922 were obtained from Difco. E. coli K12 S and W 31 10 and Salmonella typhimurium LT-2 were laboratory stocks. All strains, except S . rubidaea CDC 299-72 which was grown at 27 "C, were grown at 30 "C or 37 "C for 3 d on a peptone/glycerol (PG) agar medium (Matsuyama et al., 1985) .
Examination of surface activity. The wetting activity on a glass surface (Pre-Cleaned Micro Slide Glass, Matsunami, Japan) was examined as described previously (Matsuyama et al., 1985) . For quantitative estimation of the wetting activity, 2 p1 of the supernatant of a bacterial suspension (10 mg ml-I) or 2 p1 of a lipid dispersion (2 mg ml-l, prepared by sonication for a few minutes at 90 "C) was spotted on a polystyrene surface. The diameters of 10 droplets of each sample at room temperature were measured microscopically. The contact angle on a polystyrene surface was calculated from the mean droplet diameter as described by Mack (1935) . The ability to lower surface tension was examined by adding 250 p1 of lipid dispersion in saline (2 mg r n l -l , prepared as described above) to the surface of 50 ml saline in a modified Wilhelmy balance (Acoma, Japan) and measuring the surface tension by changing the surface area from 40 cm2 to 12 cm2 (Kobayashi et al., 1984; Matsuyama et al., 1985) .
Isolation of extracellular vesicles. A bacterial suspension containing extracellular vesicles was treated with 2.5 % (v/v) glutaraldehyde for 1 h at 4 "C, and centrifuged at 2000 g for 30 min. After removing the foamy upper layer the supernatant was recentrifuged (2000g, 10 min). The translucent supernatant was then centrifuged at 20000 g for 90 min. The pellet was composed mostly of small vesicles.
Electron microscopy. For scanning electron microscopy, bacteria were dried on a glass slip (4 x 4 mm), fixed in 2% (v/v) glutaraldehyde in 0.1 M-cacodylate buffer (pH 7.4) for 30 min at 4 "C, washed in cacodylate buffer and post-fixed in 1.0% (w/v) OsO, in cacodylate buffer for 30 min at 4 "C. The specimens were dehydrated and criticalpoint dried as described previously (Matsuyama, 1977) , and coated with gold by sputtering in an ion bombardment apparatus (JFC-1100, JEOL). Observations were made with a JSM-840 microscope (JEOL). For transmission electron microscopy, wet bacterial mass was fixed as described previously (Murakami & Matsuyama, 1980) . After dehydration in ethanol, the bacterial mass was placed in propylene oxide and embedded in Epon 812. Thin sections were cut using an ultramicrotome with a diamond knife. The sections were stained with uranyl acetate and lead citrate, and examined with an electron microscope (JEM-lOOB ; JEOL). Specimens were negatively stained on carbon-coated grids with 2% (w/v) phosphotungstic acid (pH 7.0).
Chemical analyses. Wet bacterial mass from the surface of agar was directly extracted with 10 vols ethanol. After removal of sediment by centrifugation and ethanol by evaporation, the dry material was further extracted with chloroform/methanol(2 : 1, v/v). The extracts were examined on a thin-layer chromatography (TLC) plate of silica gel G (Analtech) in a solvent system, chloroform/methanol/5 M-ammonia (80 : 25 :4, by vol.). After visualization with iodine vapour, the separated bands were scraped off, extracted with chloroform/methanol (2 : 1, v/v) and examined for their wetting activity. Acid hydrolysis and methanolysis of the active compounds and analysis by TLC and gas chromatography/mass spectrometry (GC/MS) were carried out as described previously (Ohno er al., Kawai & Yano, 1983; Matsuyama et al., 1985) . IR spectra of samples as KBr discs were recorded with a Nihonbunko model DS-402G apparatus.
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Wetting activity and extracellular vesicles A small amount of bacterial mass from colonies of S. rnarcescens (e.g. strain N S 38) grown at 30 "C was mixed with a drop of water on a clean glass surface. The suspension immediately demonstrated an extraordinary wetting activity by spreading spontaneously on the glass surface, giving a characteristic shape on drying (Fig. la ). An optical micrograph of the spreading end showed red granular material surrounding the cluster of colourless bacterial cells (Fig. 2) .
Direct observation of the bacterial suspension having the wetting activity with a phasecontrast microscope revealed the presence of many extracellular vesicles (0.1-3.0 pm in diameter), and vesicles associated with bacterial cells (Fig. 3 a) . Further, by bright-field illumination of the same microscopic field, the native distribution of red pigment in the culture of pigmented strains (NS 12, NS 38 and NS 78) could be examined. The red pigment was localized in such vesicles or intracellular granules, whereas the bacterial cells were colourless (Fig, 3b) . In the type strain ATCC 13880, which had the wetting activity but produced no extracellular vesicles, intracellular granules and vesicles half-protruding from cells were redcoloured. Non-pigmented strains N S 25, NS 33 and N S 45 also had the wetting activity and formed extracellular vesicles in spite of the absence of pigment. Colour mutants 933 and WF or non-pigmented strains ATCC 8 100 and NS 13 had weak wetting activity and no extracellular vesicle formation. Among 15 strains of other species (see Methods), S. rubidaea ATCC 27593 and CDC 299-72 had the wetting activity and formed extracellular vesicles. Other strains were completely devoid of these properties.
For development of wetting activity and extracellular vesicles, the growth temperature was important. The S . marcescens strains and S . rubidaea ATCC 27593 grown at 37 "C hardly had any wetting activity (Fig. 1 b) and extracellular vesicle formation (Fig. 3c) at any culture age. In the S . marcescens and S . rubidaea strains, the loss of wetting activity was always accompanied by disappearance of the extracellular vesicles.
Wetting activity of S . marcescens on a glass surface was confirmed by measuring the contact angles of droplets on a polystyrene surface (Table 1 ). In contrast with E. coli, S . marcescens had small (30 "C culture) or large (37 "C culture) contact angles in accordance with the presence or the absence of the wetting activity. bacterial suspensions were spotted on a polystyrene surface.
Electron microscopic examination Vesicle formation by S. marcescens at 30 "C was also observed by electron microscopy. After growth at 37 "C, on the other hand, vesicles were only occasionally seen and were smaller (data not shown). Scanning electron microscopy and negative-staining showed that vesicles around bacterial cells seemed to be 'blebbing' from the cell surface (Figs 4 a and 4b) . Transmission electron microscopy of ultrathin sections (Figs 5 and 6 ) revealed the characteristic architecture of these vesicles. Some were full of amorphous material (A in Fig. 5) , whereas others carried a part of the bacterial cytoplasm (B in Fig. 5) . Some cells contained a drop of dense amorphous material in the cytoplasm (C in Fig. 5) . Vesicle formation seemed to be coupled with excretion of the amorphous material, and bacterial cells believed to be in the process of vesicle formation were frequently observed (Fig. 6) . The membrane extending from the outer membrane of the bacterial cell seemed to participate in vesicle formation.
Bacterial products responsible for wetting activity
Wetting activity was recognized in dried ethanol extracts, but not in sedimented bacterial cells. The ethanol extracts were further extracted with chloroform/methanol and examined by TLC. Behind the fastest running spot of the red pigment having an absorption spectrum identical to that of prodigiosin in acidic and alkaline ethanol, three spots (W 1, W2 and W3, Fig.   7 ) were observed in S. marcexens strains. The isolated lipids corresponding to spot W1 of pigmented strain NS 38, spot W2 of non-pigmented strain NS 25 and spot W3 of nonpigmented strain NS 45 had strong wetting activity.
In contrast to the extracts from 37 "C cultures, those from 30 "C cultures gave a large specific spot having the wetting activity (lanes 1 and 2 in Fig. 8a, b) . In addition, the greatly reduced amounts of phospholipids from the lipids of 30°C cultures was noteworthy. The spot of phosphatidylethanolamine was still faint even after application of 500 pg lipid extracts from 30°C culture (data not shown). On comparative TLC of extracts from 30 "C and 37°C cultures, other strains of S. marcescens had similar differences corresponding to the changes in wetting activity .
Assay of the su$actant activity
Isolated wetting agents were dispersed in saline by sonication. The contact angles of these dispersions on a polystyrene surface and their abilities to lower the surface tension of saline were examined (Table 2) . Even on a polystyrene surface, the diameter of droplets of dispersions of W2 or W3 increased gradually, so the contact angles of these droplets were expected to become smaller than the values given in Table 2 . * The values (means -t SEM, n = 6) were determined with a modified Wilhelmy balance at room temperature. t The droplets (2 pl) of the lipid dispersion (2 mg m1-I) on a polystyrene surface were examined by the method 2 Mean of 10 determinations k SEM.
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Droplet diameter was not constant (see text). of Mack (1 935).
Isolation and characterization of vesicles S . marcescens cultures at 30°C were rich in extracellular vesicles, but it was difficult to separate native vesicles from bacterial cells due to the presence of many vesicle-carrying cells of intermediate density. In the course of fixation for electron microscopy, we noted that vesicles remained in the supernatant after the centrifugation of bacterial suspensions treated with glutaraldehyde. The vesicles thus obtained were mostly small (Fig. 9) , and had strong wetting activity. Their main lipid component was the wetting agent, and the red pigment prodigiosin in the case of pigmented strain NS 38 (Fig. 8b) . The lipid composition of the vesicles was quite different from that of the cell mass containing no vesicles (37 "C culture), but similar to that of the cell mass rich in vesicles (30 "C culture).
Chemical analysis of the wetting agents
As found with the wetting agent W 1, identified as serratamolide (Matsuyama et al., 1985) , the wetting agents W2 and W3 showed no reaction with the Dittmer, anthrone or ninhydrin reagent, and produced ninhydrin-positive compounds after acid hydrolysis. W2 and W3, however, were different from the wetting agent W 1 which was composed of 3-hydroxydecanoic acid and serine. Acid hydrolysates of the wetting agents W2 and W3 contained threonine and unidentified ninhydrin-positive compounds in addition to serine. Hexane-soluble methanolysates of W2 and W 3 were found by GC/MS analyses to contain methyl esters of non-polar fatty acids (C, o, CI or C 14) . IR spectra of the wetting agent W 1 had strong absorption bands of ester linkage (at 1730 cm-l) and amide linkage (at 1540 and 1640 cm-l), whereas the IR spectra of the wetting agents W2 and W3 had a weak absorption band at 1730 cm-I and strong bands at 1540 and 1640 cm-I. Thus, the wetting agents W2 and W3 were considered to be new compounds requiring further chemical characterization.
DISCUSSION
Colonies of most S. marcescens strains after overnight (15 h) growth at 30 "C contained wetting agents and extracellular vesicles. As found for colony pigmentation by the secondary metabolite prodigiosin (Williams & Qadri, 1980) , wetting activity and extracellular vesicles became more prominent during growth for a further 2 d. So, in this study, 3-d-old cultures were used to examine these characteristics, and to isolate the wetting agents and extracellular vesicles efficiently .
After sonic disruption and fractionation of pigmented cells, Purkayastha & Williams (1960) demonstrated that amounts of the pigment and hexosamine paralleled each other. By an electron microscopic examination, they also showed that fractions rich in pigment contained many cell envelopes. Thus, pigment localization in the cell envelope has been discussed by many investigators in relation to the marked cell-surface hydrophobicity of S . marcescens (Blanchard & Syzdek, 1978; Hermansson et al., 1979; Kjelleberg et al., 1980; Rosenberg, 1981) .
At the start of this study, we found minute red spots scattered in the agar around pigmented colonies of S . marcescens that had been grown on PG agar at 30 "C for 3 d and then kept at room temperature for a further 3-5 d (unpublished observation). Despite repeated attempts, bacteria could not be grown from such spots, suggesting that the red material was extracellular. Direct microscopic observation of colonies surrounded by the red spots (Figs 2 , 3 a and 36) showed that pigment was localized in vesicles (extracellular and cell-associated) or intracellular granules. In accordance with this observation, isolated extracellular vesicles were shown to contain a considerable amount of prodigiosin (Fig. 8) contained few vesicles. In such cultures, pigment was recognized as only one or two red granular spots in the cell, but not distributed throughout the cell.
S . marcescens is a ubiquitous bacterium inhabiting water, soil, plants, insects and vertebrates (Grimont & Grimont, 1978) , and it has various notable characteristics. It is an opportunistic pathogen of humans, and a real threat in hospitals. Prolonged survival of S . marcescens adhering to the wall of plastic bottles filled with 2% chlorhexidine has been reported (Marrie & Costerton, 1981) . In addition to producing the red pigment prodigiosin (Williams & Qadri, 1980) , S. marcescens secretes many kinds of exoenzymes, such as nuclease, protease, lipase and chitinase (Winkler et al., 1978; Heller, 1979; Kole & Altosaar, 1985) . The extracellular vesicles released from the cell surface of pigmented S . rnarcescens were shown to contain prodigiosin at least but the contents of the extracellular vesicles released from non-pigmented strains are unknown. Although the aminolipids which are produced in parallel with vesicle formation were identified as wetting agents, their primary function is uncertain. Incorporation of this kind of aminolipid into the membrane lipids might modify membrane flexibility or cell-surface hydrophobicity. Wetting activity by itself seems to be important in spreading of cells on the surface of porous or fibrous materials, especially those having a hydrophobic property. Experimental studies regarding this point are now in progress.
